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Diverse antibody Ub|^ be 
I>l^ed oh the surGkce of filamentbUs bacte- 
nophage, aind selei^ed by panning of the 
pUa^e >dth\ hiini^n 
antibociies to be made directly in; t/j^^ 
without prio thus miinick- 

ing the j^riina^ ii^ riesponse'; Hefe 
wiB have imprbyed the affim^ of on^ $^ 
"primary?* antibody by seqiientially 
replaicmg th^ heavy i^nd light chaiuTaria^ 
% (Y); l*Si!p^^ iepeitpireS of 

Vfg^nes ((^lain shuffling)* obtained fr^ 
uhimmunized dojnoi^V V^^ a human phage 
antibody for the hapten 2-phenyloxs|z6t5« 
drie (phOx) CKd = 3:2 x 10"' JJf); we shi^^ 
fled the light chains and isolated an 
antibody with a 20 fold improved affi^ 
By shuffl^ the first two hyper^^^ 
loops of thie heavy thaih/^^ ^soiai^ 
antibody with fiuther JS^fold imjproved 
affimiy. Ilii^ reshufflecl 
iin five of thie six hypervaij^ble Joop^^ 
the origii^ antibody aiid t^^^ 

:o that of nibuse faybiidoihi^ &^ 
tertiary immune response. ReshuJQEling 
offers an alternative to randoini poiht 
imitation for affimty maturatiQid of human 
antibodies tn z^Yro« 



i or serotherapy» monoclonal antibodies would 



ideally be of human origiii, but human hyWdo^ 
mas are difficult to make and 



Fmas are difficult to msSce and require tuman 
inmiunization (see ref. 3 for review). New tech- 
nologies have prompted new solutions. For example, 
gene technology has prompted die 'humanizing of 
rodent ahtibocBes by transplanting their hypei-vamble 
loops into a humjin antibody*-^, leading to clinical appfr 
cation*. I'he use of the poIyraeiTise chain reaction'^' 
PCR), to done and express antibody V-genes" " and 
phage display technology'*" to select antibody genes 
encoding fragments with binding acdvities'* has resulted 
in the isolation of andbody fragments from lepenou^ 
of PGR amplified V-genes using immunized mice or 



humans*-'* thus by^jp^ssihg conventional, hybridoina 
technology . . •.- ! 

RecenUy, we reported.thelsplation of human antibody 
tTBgnients directed ajga^instboth's^ 
(piptein) antigens frbiW th^lsaine sihgle'chain Fv (scPv^*"^ 
library (3 x 10' menibers) made .fix>m the ¥genes of 
unimmunized healthy blood donors and dispia)^ on 
the surface of baderi6iE)liage'; T^^ proce^ bypasses 
jmmunizadon by nilmickin^^ selefcdbn. Indeed, 

the anuTjody fragments were highly specific and had 
afpnides typica! of a primaiy immune respoiise QC^ « 1 

tial to make human antibodies entirely m wYb,. but for 
most praoical applicatiort^ the antibodies need higher 
afnhities typical oTiater immune resTO 

Affinity maturation cdii be mimicked m wa^ro by niak- 
mg pomt mutations in tHe Vgieh^ for bample i^ Using 
an emor-prone pqljmerasei and selecting mutants for 
improved affinity*'. Alternatively/ new' comhiriatidhs of 
antibody lieaw and li^r chains can be inade by 'recom- 
binmg a single heavy or U^t diain widi library of 
partner chdins (dijaih shuffling): Chaih shuffling -has 
been used io make new cbmbihadoiis of heavy and lirfit 
dikim With hapte^h binding Activities from' tfee y-gehcs of 
immunized aiumals hut affiriities of die shiiftf ed antibod- 
ies: were not measured^» An attempit to derive hapten 
bin^ng antibodies; by reshufiUng the Vg^ncs: flora an 
immunized source witii those ftom a naive source felled* 
piiompting the aiithors to assert that "r^esigii of aiiti- 
bpciics through recombination of a SoiilaticaUy mutated 
<±|im witij a nah« partner, hiay be a difficult prxjcess'*!^ 

/ ^^^v^^^ ^^^^ ^« huiman- antibddy 
(aphOx-lS) directed agaiiist die hapten 2 phenyloxazol-5. 
one:(phOx) that had bee^n jsolatedfn^hi a phage display 
libraiy made from unimmunized hiihiah dbiiors^ B<>th 
heavy and light chains of a ph6k-15 are .somatically 
mutated. Using repertoires of heavy and light chain V- 
genes from unimmunized donors, we reshuffled the 
h eavy chain witii die repertoire of light chains, and vice- 
J"^^*^^^^^^^^cally mutated aiitibodies 
witii higher affinities. ... 

RESULTS 

Light chain shufQing. A scFv fragment (aphOx-15) 
directed arainst the hapten phOx was isolated from a 
phage antibody library constructed from die heavy (VH) 
and lirfit (V/c and VX) chain genes from die peripheral 
Wood lyinphocytes of unimmunized human donors'. 
The W gene of aphOx-15 was assembled with a reper 
tome of Vk and VX^nes from the same uiiiimrfunized 
donors to make shuffled scFv ropnes*, and doned into the 
phagemid vector pHENl (refr21) for display as a fiision 
with gene S coat prutein'*. After transformation, die pha- 
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ffCfUIKC I.Sequence^ and afiinities of ihe Hght and heavy chains ty» rau^ant^lu aphOxi5. AfTmiMes were determined by fluores- 

of phOsc bitident from Uie shuffled Hbranes. Th^ sequences of . cence quench' tttiration. A(! anybodies bound jjhpx specifically 

the Heht chains are compared -to crbhOx-l 5 ahd'thc most (did not bind :6$A m an KLISA and binding to phOx-BSA 

hpmoui^bus VX gei^Ome gehe.JMXlA'(re£.l^ coated nitcrbUut plates could.be inhibited by soluble phOx- 

of the heavy chains are compared'td drphOxOS and ihe most GABA). ^JLocadon of the cloning site for . tlie heavy chain 

T^mplogous germlmc gene* vH3$Q.6 (ref. l)i Relative' affi^ repertoire. . 
were d^i^etmrned^ by lnhif>h^^ 



gemid iibraj7 (2 x : !(? dones) .appeaired jdlvebe by BstNI 

ject^ to psuihiiiff on bhOx*BSA jc^ted; t^ For 
expif^ion oif soluble scFv, the phag^ ehiosd from the 
tubes Were, used to. iiifect^a nbh^siippressor strain of 
ba«eria" (for detai&see Experlineh^ 

To identil^rlones with^^ afGriities, the binding 

of soiiJtble scFys to phOx-BSA. were compared by ELISA. 
After a sih^e rouna of panning soluble scFv from 59/192 
dpiies bound to. phOx-BSA yfiih a stronger signal than 
aphQx-l& scFv. whereas before .panriin^ .npne of .192 
clones gave ji.sttbri^r sipiM, Sbc of these clp'nes, and a 
further 4 cj^pjaes jBripm A secbhtl round of .paimin^ were, 
sequenced,. Six uriiqiie VX light' ^hkbs were fbuiid,*^! 
from the ^me VXl?gerte fainily arid probably the; s^ 
germ-Upe gene as>the aphbx<15 lig^t.<ihain:'(Rg. .i)..TH^ 
human VX chains were mutated at a range of sites, diyerc- 
ing by 0 10:.9 amipo acid resi.rtties fiojtn tbe piitative 
germJine gene (VXJNiflA). THtie dMSterittg of. r^ 
<c!hange$, paniailarly in CDR3,^^ u^^ that the mutant 
Ught;<hains were derived direictiy firom the jgenn-line VX- 
gene.rather than the aph03tl5 Ki^t chain (Fig. 1). 

ilie sdPv. fragments, {ronji eight differi^t dpnes >^ere 
ranked by cornpetition for binding to phChp-BSA with 
soluble ptiOx hapten'^, and the **5efethfe aflFinilies" were 



:foimd to be lip to 27 fold higher dian aphOx-1 5 (Fig. I). 
The sifiinities of oi phOx-15 and aphOxB2:(the done with 
the higjiest relauye affinity) we^^ nii^sured directly: 
by fluorescence quench tttratipW. The affinity, of 
X3KphQ3^2^yas found to be 1,5 x 10^ M (20 fold higher 
than a:phOx-i5);(t^^ kinedcs of binding (off- 

rates) of purified aphbx-15 and aphC>xB2 scFvs tophOx;^ 
modifiea BSA were determined by real-time biospecnfic 
interaction analysis based on surface plasmon resonance 
(SPR, Pharmacia BIAcore)**^\ The off-rate was much 
slpwer for aphC>xB2 but calcylated ori mtes (K»t,/KtfXwei:e 
similju-'nable 1). Thus the improved afiinity bfaphPx&2 
is due to its slower off-rate 

^ Hea;yy diaini shufflings Tlie, reshuffled heavy . chain 
library, was oiiepaTed ais desqibed in the l^perimental 
ProppcPl<Bhefl)i a repd^ genes (VHl feirniily) 

wras amplified'by PC^ fix>m the'IgG and IgW raRh?As of 
uniinniuni2^d''donbTS U^^ based in the jBrsi 

and third framfework regioiiSiThe VH rjepertoire;: which 
encodes -the fii^t .two Tiypervari^le loops and three 
firajriework iTCgions, into a vector eiicx)dinff 

the third hypefvariabie loop and the light' chain: of 
a'ph0^2; sThe; resuld>g: library (2 x lOi*. clones) Avas 
panned on phOx apd soluble scFv sdreened by £tI$A for. 
biriding after each round of sele^^ 



HUIU I- Affinities and kinedcs of binding to phOx of original isolate (ophOxlS) and chain shuffled mutants. 



Clone 



Residue <^ianges 
(from aphOx-15) 



K«§(M-«s'0 



Or^inai Isolate 

arphOx>15 0 
Neof U^t cAiim 

aphOxB2 10 

Nem Light chain and htm ehdins ^ 

aphOx34H 16 

aphOx412D 15 

aphOx48A . n 

aphQx312D. SO. 

aphOxSlfi;. 20 



3.2jeO,lX)0;^ 

1.5(c0.6xlO-« 

2.0x0.7 xlO-« 
t.5«0.4x]0^ 
1.0x0.2 xlO-> 
6.0At.lxlO^ 
l.U0.4x]0'» 



4.3x0.6 xlO-« 

1.7ic0.4xIO-« 

7.3x0.8x10-* 
5^.6x.l0*s 

3.0x0.6 xl0-» 
3.8x0.5 xlO-^ 



1.3xl0« 

1.1x10* 

2.8xl0» 
9.9x W 
2.5 k lOs 
&^xlO» 
.WxlO* 



*Measured by fluorescence quench titration, treasured by surface plasmon resonance in BIAcore (Pharmacia). 
fiCatculated.&om ki^d* 
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Before selection 0/94 dones bound to phOx. whei^s 
after 3 and 4 nounds of seieciioi^ 38/94 and 51/94 clones 
bouiid to phOx. Supemarants from all 90 dones were 
screened by SPR for dissociation from phOx-BSA. All 90 
dones had slower off-rates dian aphOxB2. These clones 
w^re grouped according to ofF-rate and BstNl restricdoh 
pattern and eight clones were sequenced (Fig, 1) leveal- 
ing.5 unique sequences. All 5 were derived from the sanie 
genmline VK-Kne (VH380.6, .re£ 1) as aphOx-lS and 
oqphOxB2 but had ah additional 5 to 12 residue dianges 
(Fig. 1 anci Tkblc 1), Residue 55 was changed firom serme 
to threonine in all 5. mutants. 

The affinities of three of the mutants were shown by 
fluorescence : quench titration to be greater than 
aphQxB?:(Ikble 1). The affinitib rang^ ftoni 2.6 x 10^ 
M td LI ..X 10^ M (12 to 320.f61d hi^er than aphOx-15 
and, 0.6 to IS^fold higher than aphOxB2).. All five 
mutants had slower off-rates . than aphOx- 15 or 
aphOxB2; The highest laffinity antibodj; ophOxSlE, had 
z fester on rate tlian oepjhiOx45 or aphOxB2. 

DISCUSSION 

Prevlousl)5 we used phage display and the V-genes 
from unimmiinized donors to inake antifeody fragments 
a^inst both small (hapten) and large (piptein) antigens 
With affiriltits typical' of the primary imiriiinie response. 
While the approach is potenti^ly useful for making ther- 
apevitjlc, human antibodies,, we nefed to firid ways of 
increasing, the antibody afOhities. Here wie'have ihown 
that- this can be accomplished by chain shuglihg. We 
djyereifiedthe structure of an ^tibody by first shuffling 
(igKt chains, then hcayy cliains» while retaining the third 
hypervaiiable lpop of the hearty chain. Much of tlie 
sequence aund structural yariaBbn of antigen binding 
sites isencpdedi^: iljis loopi whidi is located at the center 
of the antigen bJhdihg site**. By retaining it, while shuf- 
fling the other loops, we aimed to diversity the structure 
without disruptihg-the key features of the antigen bind-^ 
ingsite 

Wc .chpse; the hapten phOx. fpr our model experi- 
ments, as iJi^. |jnmun<*.jresp6nse^a^ aftihity and kinedc 
matiirationis iveU stiidi^kP^^: The ?ifiinities of japhOxB2, 
from: the light chain Jshuffled library, a^^ die 5 mutanis 
fn>m the heaVv chain sKufHed Ubia^ comparable to 
that of niouise hybridpmas from the secondary or tertiary 
immune resjionse to thje same hapten'* (Fig. 2). Indeed; 
of aiiti-j?hOx hybridomas from the rnouse secondaiy or 
tertiary res|>bnis<i only 2 <)f.24 had a higher alfinity^Oian 
aphpxSlECref. 26)* f V 

The imprqwement in affiiiityTesuits almost exclusively 
fin6rti. a sIpwer djE^iatc: . Somatic hypermutatiori of the 
V'gehe^ used, in the murine primary immune response 
to phOk al^ ithpibvb a^lfiii^^^ slbWing the 

off-rate**'..The results suggest that biir washing and bind- 
ing ^ndltions jE^^or the selection dif phages with slower 
oimtes rather tfiah faistfir ori^rates m conurast to the 
suggestion of Canard et ,al.?*: As. we build antibodies 
with hidier and higher affinities, it becomes increasingly . 
likely that the best bindei? will remain attached to &e 
solid phase, necessitating morie vigorous elution 
conditions. 

In yivoi affinity maturation occurs by random mutation 
of the original h^vy aind light chain pairings and by the 
appearance pf new heavy and/or lirfit chain pairings 
(repertoire shifk)**^. We can simultaneously mimic 
as|^cts of both proiGcsses m vitro by tapdiiig .the natural 
pool of diverse unmutated and mutated heavy and light 
chains via chain shuffling. Using V-genes derived fh>m an 
immunked mouse; wc had prcviotisly shown that new 
partnen could arise torn different Vgene fomilies*. In 
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I1GUR6 2 Comparison of: affinities of ^nti phOx antibodies 
from hybridomas and from ply'age antibodies. Affinity con. 
stant8^(Ka) for anU-phOK.hybndojnas iVoro prlmiary. secondary 
and tertiary responsJM from immunized mice (data taken fnim 
rcf. 26) are compared with data (Table 1> for phage antibodies 
fiiora naive phage libi^iy Xprimary), Hght chain shuffled (sec- 
ondary) ana heavy chain shuffled (tertiary) libraries. 



die present study, both the light chaufis and heavy i^hain^ 
are derived frotn the same germline gene and the anti: 
bodies .difier only by point mutadbhs, Neverthclless die 
repertoire of mutants snould differ from those g^eiated 
by randoip rniitjidpn pf the aphQx^ia antibody In two 
respects. Fintl); the Vgeneis Encoding theshuffled chains 
have been selected from d)e mRNA of E^lymphbc^ 
and are more likely tb be function^. In contiastj i/n 
rahdoin muta^hesis» for example using an ericor prone 
polymerase's, is Jikely lb resuit in many mutarits that 
would conipTomise chain folding, parricularly if multiple 
mutaUons .were introduced into the same gene Secondly; 
widi m vitro mutagenesis mutatibns are introduced 
directly Jntb aphOx-i5 whereas with dfiain 'swapping 
mutations': 5a;e /introduced, into ;die cprresponding 
gehnliiip genei Tl^ allow; any deleterious; fnuta- 

tions in aphpx-I5 to be-iieplaccd mipre readily. 

A:§h.Ufflitig:Stiati^^ 
geiis: as well as hapteais. AhhougH th^i^ am a iai^er 
number 'of cbnt^ betwi^n.prbM 
the diances of disrijptlh^ ^^vorable crontacis by 

shiraing is-gpreaten this-n}^ be cpmpen^ted by die loss 
pf mijldple xmfaS^ . • • • : . 

One advahtagie pf buildii^ artificial immime sys- 
tenxisthatby^llp^ 

clMihjjj ar^d yice^^ is not 

open to the.inutiiin^ system, Thus, shuffling enlarges the 
rep^ir^ sii^ enhancing ttie' chanter bfWdiiigSi 
affinity antibodies^, and in principle allowing diaihs 
with deleterious mutodon^' to be replaced by others. 
Shuffling chains aiid hjpervariable loops appears to be a 
powei^ul way of diversifying andbpdy structure^ ^nd the 
pool of i^arianged Vgencs from umrilmunized donors 
provides a rich source of genetic diversity^ • 

EXPERIMENTAL PROIPCOL 

ConBtruction of a reshuffled light chain library. A scFv 
library was assembled^ from the VH gene of aphOx-la and a VX 
and Vk repertoire' usirig PCR lb avoid contamination with the 
original light cha|n. the VH gene of aphOx-I5 was subdoaed 
into the Vector pJM l (ref. 2), amplified by PGR usins primers 
HuVHIaBACK and HujH6F0R». purified on a 2% (w^) 
agarose gel and isolated from the gel usirig Geneclean (Bio- 
101). Reshuffled scFv repertoires were PGR assembled' from 
tlic phOx. 1 5Vf I DNA, linker DNA and the same human VX a^d 
Vif gene repertoires used to construct die primary library from 
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which Q;phOx-15 was isolated'. The reperioires were digested 
with Ncol and Notl, jpuiified on a 1.5% (w/v) agarose gel, 
electroeUited^, precipitated with ethanol and iigaied into the 
vector pHEN l (ref. 21) digested with Ncol.aiid Notl. fhe Ilea- 
tion mix was used to traiisfornt clectroconipetcntA* ReoUTCl 
(ref, 34). Cells were grown for 1 hour m 1 mi of SOC and then 
plated on TYE** mediiini with 100 ^ig/ml ampiciMin 1% 
(w/^) gUicose. Colonies were scraped off tlie plates nuto 5 ml of 
2 X TY» brotli containing 100 /*g/nil ampicillin. 1% (w/v) 
glucose and 15% glycerol. 

Construction or .a reshuffled heavy chain libraiy. A acFv 
library, was prepared containing the VU CDK3 and VX of . 
aphOxB2 and a repenolre of human VH1 genc& 'lb eflinlnare 
potential contamination wdh the orlranaT heavy chain, the 
human .VH I pseudogene DP-22 (ref. 36) was amj^lified using. 
PCR from an MIS template using the primes HuVHlBACK- 
SFI (ref. 1) and HuVHlf R3FOR (ST^JGC GCT G/CPC AGATCT 
CAG-3'}, digested with Ncol and Bgl!I. gel purified and ligated 
into the vector pH£N-1phOxB2 digested with Nco] and BglU. 
The resulting vector,. pHEN l-*VHB2»: Contained the DP:22 
VHl pseudogene and ihe .VH CDR3 and VX of c<phOxB2. To 
prepare a reperibire of hUman VHl genes, human PBL RNA 

. was primed i n separate reactions with HuIgG 1 •4CH1 FOR and 
HuTfi^FOK and Uistrand cDNA synthesized'. The first stra^id . 
cdNA was.used a$ 9^ template fpr PGR amplification as previ- 
ously described! using the primers HuVHIaBACK aiiid 
HuVHlFRSFOR. Restriction sil^s vwre appended to the reper- 
toires by reamplificatlon using the primers HuVHlBACICSFI 
and HuVHlFRSFOR. The VHl repertoires were digested widi 
Ncol and B^U, purified^on a !..'>% (wM agarose geUelectroehi* . 
ted, -precipitated ivtth ethanol and* tigated into the vector 

:pH£N ^WHB2 digested wic^i Ncol and BgUL The ligation 
mix was used to transform ele'arocompetent E «7/f TGI: Cells 
were grown for I hour in 1 ml of SOC and then plated on TYE 
medium.with lOOug/mLamptciQih and 1% (w/v) glucose. Colo- 
nies. wei^ scraped ojS the plates into 5 ml of 2 x TY broth 
containing 100 ftg^ml atnpicillin, 1% (w/v) glucose and 15% 
glycerol/ 

Selection of reshuffle iibrarfes» To rescue phagethid parti- 
c1e5,:50 ml of 2 x TY containing ldO./igfihl ampiclHln and 1 % 
(wM.glMCQ^ (2 X TY/AMP^jty) were inoculated with lO* 
bacterial 'o^lls from the library glycerol stock. groWn wiih'shak- 
ingai SV^Cto an A*** of 0.9 and th<l'n 5 ml added to 50 ml of 2 x 
TX AJ^P-GLU prewarmeditd 2; -x ;i(l>,? plaque terming 

units -of VChS^MI^ (Stritageiie) were tfctdiS * and th0 mixtiite 
. inaibajed at 37*C without ihafeing for I houn-Themisciurewas 
then? added to 500 fnl<of 2 x TO broth concaininj^ 100>g 
. ampiclilin/mi and^25 /xg ka^iainydtii.ini and grown byefnig^t-at 
37 -C with shaking. . Phage! W 

trated as previously' descnbed^^lWo rdun<i& . (reMiufiled' light 
chain library) or four fbundiXfeshuifted hea\'y. c*idh library) of 
enrichment for phOx bindiVig phagie Were''penbrniedin'6hOk' 
BSA obated iminunotubes (^uiSc) (10 Mg/ml of l4bx/BSA;for 
selection of the reshuffled light chain. library and 10 /^g/ml of 
lox/BSA for selecdon of the rcshuined: heavy chain libraiy). 
Aflcr each iound^of enrichment, £,;coU 'TCl wcr^. reinfected 
with eluted phage and restiied tpjprovi'de phage ^.^^^ 

' round of panning. For soluble scFv expression, ehtied phage! 
wais us^. to itifect £ ri^^^ 

Iniiiail charaictenz^tipn >bf binders /with liew ligfaf chains. 
Soluble scFv was induced^. frotn 94 colonies from each rouiui 
of selection and analyzed for binding, to phOx by £U^». 
T\velve «:1ones with ELISA signals stninger Uian aphbx-15 were 

.sequenced*' ribvealing 8 unique dones;Tlie relative affinities of. 
these S.ctones were determined by inhibition-ELISAs. For inhi- 
bition EL!SAs**» microti ter wells were coated overnight with 
100 MK'iul phOx BSA in PBS and blodked for 2 hours at 37*C 
with 2% nailk powder in PJBS. Dilurfons. of scFv previously 
determined to result in significant reduction of ELISA values 
after two-fold dilution were mixed with phOx (10-^-10-^ N4) in 
the wells and incubated for 1 .5 hours at kT. Bound soluble scFv 
was detected by EL^SA^ The cOiiceniration of phOx resulting 
in.a 50% reduction in £LISA signal ([^0) \vas calculated for each 
miit&nt and compared to that obtained for oephOxlS to deter- 
mine the relative aRiniiy. Relative affmiiies, but not the 
value (6.0-400 /iM), correlated >vith afTinities measured by fluo- 
rescence quench (Fig. 1 and Table 2). AfTinities and off ratcs of 
(he clone with the highest relative ofiFinity (aphOxB2) as well as 
aphpX'l5 were determined as described heldw. 

fniiiaf characteirixation of binders with new heavy chains. 
Soluble acFV was induced^ from 94 colonics from each round 
of selection and analyzed for binding to phOx by EUSA'. The 



off-rates of soluble scFv from all ninety positive clones from tlie 
third and fourth round of selection wei-e detennlned by 
BIAcore (see below) and the clones then grouped according to' 
off-rate and BstNI fingerprint*. Eight . representative clones 
were sequenced** revealing 5 unique clones. A£Pinities and off- 
rates of th'csc 5 clones were deiei mined as describe^ below. 

Affinity, measurements, '^o liter cultures of ^1 HB2l5i 
harboring the appropriate phagemid were induced'** and Uie 
splublcscFv affinity purified^ from, the supernatant. using the 
C-termirial peptide tag''^ For affinity dctcrminadonsj fluores- 
cence quench titration with the hapten 4^-amino* butyric acid 
methylene'2'phenyl-oxazdi-5 one (phOx QABA) was performed 
as described" The affinity of aphOx.l 5 was determined" ** 
using a regime of hapten excess as described previously*. Data 
were averaged from 3 runs. For .determination of the affinity of 
crphOxB2 and the 5 mutants from the shuffled heavy chain 
libraty, igO nM scFv (a concentration ten times the preliniinary 
estimate of the dissodatioif) constant), was Utitited with hajpten 
aiijcl tlie fluoresceikce determined 1 min after each additton^^ 
Excitation ivai at 280 nm and emission was monitored at 340 
uih. Data were ayera^d from 3-b'.i>.runs. k^^fWas measnred by 
real time biospccific interaction analysis based on surface plas- 
mpn resonance (BtAcort; Pharmacia Biosensor AB)**^^ AfFln- 
Uy purified scFv proteins %vere fractionated oh a dahbrated 
FPLC j|>uperdex 75 column (Pharmacia) to eliminate aggre- 
gates and ihe monomeric fraction then, used for kinetic mea- 
surements-, in a Bf Acore flow cell. 1300 resonance units (Rti) of 
JOO/ig/ml phC>x m<jdifiedBSA(14 phOx/BSA) in 10 mM acewte 
buffer .pH 4.0 was coupled to a CMS sensor chip**. In another 
Qoyt, qeii.,the sensof chip was actU'atcd without phOk-BSA as a 
control Adsorption aiid dissociation of aphOixl5 (di4>M-2.B 
;iM)and thie other scFys (80 nM-400 nM) in PBS. 0^ mM EOTA 
were measured under a constant flow of 6 ftVmin^ k^ was. 
determined for aphOxB2 and the hea^y chain shufl^cd 
.niuiants from :the oissoclatlon pari of the sensorgram and for. 
aphCxl^ JtonV/theassbclation pail of the sc.n$prgraiii^.(ncces'.. 
sitated by its rapid k^. 
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